Abstract We present switching current measurements in niobium-aluminum oxideniobium underdamped Josephson rings. Underdamped Josephson rings display hysteretic current-voltage curves which can be characterized by their switching current, the value of applied current at which the junctions switch to the energy-gap voltage. The value of the switching current is strongly affected by temperature and by the presence of fluxons in the system. We observe a very small voltage (∼400 nV) across the ring prior to switching, indicating a low-velocity fluxon diffusion state before the jump to a full running state. In analogy with previous work on single junctions, we analyze the switching current data with the process of thermal activation over a dissipation barrier, where the system switches from a low velocity state to a high velocity state. We find that our data agrees qualitatively with this description, further supporting the observation of fluxon diffusion.
Introduction
Arrays of Josephson junctions have proven to be extremely interesting systems to study nonlinear and collective effects [1] [2] [3] . Previous work has focused mostly on K. Segall ( ) · A.P. Dioguardi · N. [5, 6] , and the parallel array [7] [8] [9] . Of these the parallel array (or Josephson ring if it is closed in a circle), displays one-dimensional behavior and is an important component in RSFQ (Rapid-Single-Flux-Quantum) circuits. The main excitation in a Josephson ring is a fluxon, a discrete counterpart to the soliton. Fluxons in a Josephson ring obey the discrete Sine-Gordon equation and are analogous to kinks in the 1-D FrenkelKontorova model [10] [11] [12] [13] .
In overdamped Josephson rings, the current-voltage (I-V) curves are single valued. The dynamics of fluxons trapped in the ring are straightforward to infer in those cases because the voltage, which is directly proportional to the fluxon velocity, has a unique value at each current. Underdamped arrays display a richer variety of behavior but are more difficult to analyze, since the I-V curves are bistable. In many previous experiments on single junctions, switching current measurements have been utilized to study the dynamics of the Josephson phase when the I-V curves are bistable [14] [15] [16] [17] [18] [19] [20] . In these measurements, the value of the applied current at the point where the junction switches into the voltage state is recorded many times at each temperature. Switching current measurements have been used to infer thermal activation [14, 15] , quantum tunneling [15, 16] , underdamped phase diffusion [17] [18] [19] , and to infer the state of a quantum bit [20] .
In this paper we present switching current measurements on Josephson rings. First, the current-voltage (I-V) characteristics are presented and discussed. We find that a very small voltage appears across the ring prior to switching, indicating an underdamped, low-velocity fluxon diffusion state. We also find that the switching current is different under positive and negative current, which we ascribe to the asymmetric manner in which the current is applied. Finally, the dependence of the switching current histograms on temperature is presented and analyzed in detail. We find that we can qualitatively fit the switching rate curves with the process of thermal activation over a dissipation barrier, where a low-velocity state switches to a high velocity state.
Measurements

Device and Measurements
The device studied was a circular array of N = 9 niobium-aluminum oxide-niobium Josephson junctions, fabricated at M.I.T. Lincoln Laboratory at a current density of 300 A/cm 2 . A scanning electron micrograph of a device similar to the one tested is shown in Fig. 1a . Each junction is about 1.05 µm on a side (area of about 1.1 µm 2 ) with a critical current of about I crit = 3.3 µA and a normal state resistance of about R N = 678 . The circular array is about 133 µm in diameter. Each of the individual 9 cells has an area of A cell = 1500 µm 2 and an inductance of about L = 79 pH, calculated with FASTHENRY [21] . The normalized damping η = 0 /(2πI crit R 2 N C J ) is about 0.06 and the normalized discreteness parameter λ = 0 /(2πLI crit ) is about 1.2; here 0 is the flux quantum and C J is the junction capacitance.
The devices were cooled in a 3 He refrigerator and measured at temperatures of about 0.3 K to about 6 K. The voltage and current leads were filtered with copper
